Translocated in liposarcoma (TLS) is a poorly characterized multifunctional protein involved in the genotoxic response. TLS regulates gene expression at several steps, including splicing and mRNA transport, possibly connecting transcriptional and posttranscriptional events. Aims: In this study we aimed to idenfity molecular targets and regulatory partners of TLS. Results and Innovation: Here we report that TLS transcriptionally regulates the expression of oxidative stress protection genes. This regulation requires interaction with the transcriptional coactivator peroxisome proliferator activated receptor c-coactivator 1a (PGC-1a), a master regulator of mitochondrial function that coordinately induces the expression of genes involved in detoxification of mitochondrial reactive oxygen species (ROS). Microarray gene expression analysis showed that TLS transcriptional activity is impaired in the absence of PGC-1a, and is thus largely dependent on PGC-1a. Conclusion: These results suggest the existence of a regulatory circuit linking the control of ROS detoxification to the coordinated cross-talk between oxidative metabolism and the cellular response to genomic DNA damage. Antioxid. Redox Signal. 15, 325-337.
Introduction

U
ntil recently, the cellular responses to genomic DNA damage and to oxidative stress resulting from excessive mitochondrial reactive oxygen species (ROS) production have been considered as fundamentally separate. However, recent reports on key transcriptional sensors such as p53 indicate that some common regulatory networks may connect DNA damage to mitochondria and oxidative stress responses (55) . How these two fundamental pathways for cell survival are connected is still poorly understood.
Translocated in liposarcoma (TLS; also called fused in sarcoma [FUS] ) is a gene expression regulator recently shown to be involved in the cellular response to DNA damage. TLS was originally discovered as part of a fusion protein with the transcription factor C/EBP homologous protein, deriving from a characteristic chromosomal translocation in human liposarcomas. TLS is part of the TET family of RNA-binding proteins, which also includes Ewing's sarcoma and TAF15/ TAFII68. TET proteins appear to function in at least three gene expression processes-transcription, splicing, and mRNA transport-and might also play a role in DNA repair. The amino terminus of all TET family members is rich in glutamine, serine, and glycine residues and can function as a transcriptional activation domain (7, 59) . The most conserved region in TET proteins is an RNPtype RNA-binding domain (RBD) that directs sequence-specific RNA binding. The TET proteins carboxy-terminus contain RGG repeats that might increase RNA affinity that are thought to contribute to RNA binding and might also be the site of post-translational modifications that regulate RNA binding or protein-protein
Innovation
Although excessive ROS production results in DNA damage, the mechanisms that link ROS homeostasis to the genotoxic response are largely unknown. To investigate possible links between ROS detoxification mechanisms and DNA damage sensing, we conducted a yeast two-hybrid screen to identify PGC-1a-interacting partners. TLS was identified as a PGC-1a cofactor. Further experiments showed that TLS is a direct transcriptional regulator of several oxidative stress protection genes, and that this regulation depends on TLS interaction with PGC-1a. Moreover, whole-genome gene expression microarray analysis showed that TLS transcriptional activity is markedly reduced in PGC-1a
-/ -cells. These results support the notion that TLS links responses to DNA damage and oxidative stress to the metabolic control provided by PGC-1a.
interactions (11) , and a Cys2-Cys2 zinc finger (52) that folds with the RBD into protease-resistant structures, and is likely to participate in RNA binding (24) . TET proteins can bind not only RNA but also single-stranded and possibly doublestranded DNA. TLS promotes D-loop formation, a process whereby a single strand of DNA invades and pairs with one of the strands of a double-stranded region of DNA, a process necessary for DNA repair and recombination (5, 8) .
Several reports link TLS activity to the cellular response to DNA damage. TLS knockout mice have unstable genomes as a result of chromosomal pairing defects and enhanced sensitivity to radiation (21, 27) . Conversely, cells lacking TLS do not undergo appropriate DNA repair, resulting in genomic instability. Two kinases activated by damaged DNA, c-ABL and ataxia telangiectasia mutated (ATM), target TLS (17, 39) . TLS also interacts with the stress response transcription factor YB-1 (28) . A recent report provided a mechanism for TLS activity, but also functionally connected DNA damage sensing, RNA binding, and transcriptional regulation of the first fully characterized TLS transcriptional target, cyclin D1. The authors showed that activation of TLS in response to DNA damage can cause TLS to bind noncoding RNA transcripts that originate upstream of the cyclin D1 promoter. This binding facilitates the recruitment of TLS to the cyclin D1 promoter, resulting in transcriptional inactivation and subsequent cell cycle arrest (56) .
A major cause of DNA damage is oxidative stress resulting from inefficient detoxification of mitochondrial ROS, suggesting the possibility of regulatory cross-talk between the oxidative stress response and the sensing of DNA damage. The transcriptional coactivator peroxisome proliferator activated receptor c-coactivator 1a (PGC-1a) is a master regulator of oxidative metabolism and mitochondrial function (20) that regulates expression of a set of genes involved in detoxification of mitochondrial ROS (54) . The physiological role of PGC-1a is particularly well characterized in liver, where the induction of PGC-1a expression is a critical regulatory event leading to the activation of energy metabolic pathways that serve to increase ATP production and exert homeostatic control, especially in the context of fasting (30, 43, 48, 50) .
Results
TLS interacts with and coactivates PGC-1a
We aimed to identify proteins that modulate the activity of PGC-1a on oxidative stress protection genes. To identify candidate PGC-1a cofactors we used the C-terminal domain (CTD; aa 580-797) as bait in a yeast two-hybrid screen of a human cDNA library. The PGC-1a CTD mediates the interaction of PGC-1a with FoxO3a, its DNA-binding partner in the regulation of oxidative stress genes (37) . Of 32 positive clones, three were identified as TLS. TLS is an ubiquitiously expressed multifunctional protein proposed to have transcriptional cofactor activity (19, 41, 53, 56) and to orchestrate the cell response to DNA damage (27) . The potential of TLS as a transcriptional cofactor and its link to DNA damage prompted our further studies.
To confirm direct interaction of TLS with PGC-1a and to map the domains of PGC-1a involved, we generated a glutathione-S-transferase (GST)-TLS fusion protein and tested its ability to pull down [ 35 S]-radiolabeled PGC-1a or its CTD mutant versions DRRM (D677-710), DSR (D564-634), DSR/ DRRM (D564-710), and DCTD (1-564) (34) . TLS pulled down PGC-1a, and this interaction was preserved in the DRRM, DSR, and DSR/DRRM mutants, indicating that TLS directly binds PGC-1a in vitro and that this interaction does not require the RBD or the serine-arginine rich region. TLS did not pull down the PGC-1a-DCTD mutant, confirming the yeast two hybrid screen and showing that there are no additional TLS binding sites outside the PGC-1a-CTD domain (Supplementary Fig. S1 ; Supplementary Data available online at www .liebertonline.com/ars).
To identify the TLS domain that interacts with PGC-1a-CTD, we performed the reverse pull down assay, using a GST-PGC-1a-CTD fusion protein (37) , to bind in vitro generated [ 35 S]-radiolabeled TLS proteins. We generated two complementary TLS fragments, one corresponding to the N-terminal domain (NTD) (1-275 aa) and another corresponding to the CTD (residues 269-525) (11) . Although PGC-1a-CTD pulled down TLS-CTD, we detected no binding of PGC-1a-CTD to TLS-NTD (Fig. 1A) . To map the binding site within TLS-CTD, we generated a series of TLS C-terminal deletions. Each deleletion removed an additional TLS subdomain. Deletion of the C-terminal-most 52 amino acids of TLS (corresponding to the third RGG domain [RGG3]) completely abolished binding (Fig. 1B) . RGG domains are rich in Arg-Gly-Gly triplets and are proposed to regulate the specificity of adjacent RBDs (RNA recognition motif [RRM]) (11, 29) , but have also been shown to engage in protein-protein interactions (10, 13) . We therefore conclude that TLS interacts with PGC-1a directly through its C-terminal RGG domain.
To determine whether TLS and PGC-1a form a stable complex in cells, we transiently cotransfected 293T cells with Flag-tagged TLS together with HA-tagged full-length PGC-1a or its CTD variants. TLS was detected in PGC-1a immunoprecipitates in cells expressing full-length PGC-1a and all mutant variants except PGC-1-DCTD (Fig. 1C) . That this interaction occurs normally in cells and was not a consequence of forced TLS/PGC-1a expression was confirmed in primary hepatocytes. TLS was detected in PGC-1a coimmunoprecipitated material (Fig. 1D) . These findings confirm the in vitro interaction assays and support the idea that PGC-1a and TLS interact in living cells, and that the interaction requires the Cterminal 87 PGC-1a residues but not the RRM and SR (protein domain rich in Ser and Arg) motifs.
We next tested whether TLS binding modulates PGC-1a transcriptional activity. TLS -/ -and TLS + / + mouse embryonic fibroblasts (MEFs) were cotransfected with pGal4-DBD-PGC-1a (which encodes PGC-1a fused to the Gal4 DNA binding domain) and the luciferase reporter plasmid 5xUAS-Luc (which contains 5 copies of the Gal4 binding site [5xUAS] in its promoter). PGC-1a transcriptional activity was lower in TLS -/ -cells (Fig. 1E ). This decreased activity was rescued by cotransfection with full-length TLS (but not the TLS-D1 mutant), supporting the idea that TLS is a direct transcriptional coactivator of PGC-1a (Fig. 1E) . Similar results were obtained in the rat hepatoma cell line FAO, suggesting that this is not a cell-type-specific phenomenon ( Supplementary Fig. S2 ).
TLS regulates oxidative stress protection genes
TLS has been shown to orchestrate the cellular response to DNA damage, which can result from oxidative stress. To in-
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vestigate whether TLS plays a role in the regulation of oxidative stress protection genes previously shown to be PGC-1a targets, we infected FAO cells with a recombinant adenovirus encoding TLS (Ad-T) or a control adenovirus (Ad). Analysis of mRNA and protein expression showed that overexpression of TLS induced the expression of all oxidative stress genes tested: Mn superoxide dismutase (MnSOD), catalase, peroxiredoxins 3 and 5 (Prx3 and Prx5), thioredoxin 2 (Trx2), thioredoxin reductase 2 (TR2), and uncoupling protein 2 (UCP-2) ( Fig. 2A, B ). To test if these genes were direct targets of TLS, we carried out chromatin immunoprecipitation (ChIP) assays using primers directed to promoter regions previously shown to recruit PGC-1a in human cells (54) . These experiments showed association of TLS with the promoter regions of MnSOD, Prx3, Prx5, catalase, and UCP-2 ( Fig. 2C ). Next, we tested the impact of TLS on ROS accumulation. Ad-T-or Ad-infected FAO cells were loaded with the ROS probe 5-chloromethyl-2¢ 7¢-dichlorodihydrofluorescein diacetate acetyl ester (CM-H 2 DCFDA). ROS levels were estimated from the fluorescence signal of the CM-H 2 DCFDA oxidation product CM-DCF. ROS were significantly lower in FAO cells overexpressing TLS, suggesting a more active detoxification system in these cells (Fig. 2D ). Metabolic oxidative stress agents such as H 2 O 2 and high glucose induce the mitochondrial apoptotic cascade (which involves activation of caspase-3) in hepatocytes of different origins, including FAO cells (22, 49) . To investigate the importance of TLS activity for cell survival, we monitored apoptotic cell death in Ad-T-or Ad-infected FAO cells under oxidative stress conditions. TLS overexpression reduced the activity of caspase-3 in response to exposure to 150 lM H 2 O 2 ( Fig. 2E ). This result suggests that TLS protects FAO cells from H 2 O 2 -induced apoptosis, probably by increasing the cellular detoxification capacity.
We then investigated the influence of endogenous TLS on the mitochondrial detoxification system. First, we compared the expression of the panel of oxidative stress protection genes in TLS + / + and TLS -/ -MEFs. TLS-deficient MEFs had lower mRNA levels of all the genes tested ( was TrxR2, whose mRNA levels were only marginally reduced and whose protein expression was in fact increased (Fig. 3B) . Reduced expression of oxidative stress protection genes was reflected in higher basal levels of ROS in TLS -/ -MEFs (Fig. 3C) . Similar results were obtained in primary hepatocytes expressing TLS-specific small interference RNA (siRNA). WB confirmed reduced protein expression for all proteins tested (including TrxR2) (Fig. 3) . Together, these results indicate that TLS is an important regulator of ROS detoxification and is necessary for the maintenance of the basal expression of oxidative stress protection genes.
TLS cooperates with PGC-1a in the regulation of oxidative stress protection genes
The results presented in Figures 1 and 2 show that TLS is a cofactor of PGC-1a transcriptional activity and that TLS and PGC-1a regulate a common group of oxidative stress protection genes. Most strikingly, the ChIP analysis (Fig. 2C) (54) revealed that these factors associate with the same or overlapping promoter regions. We therefore investigated the potential cooperation between TLS and PGC-1a in the regulation of oxidative stress protection genes.
FAO cells were infected with Ad-T alone or together with Ad-P, which encodes PGC-1a. The multiplicity of infection (moi) was reduced to a quarter of that in the previous assays to facilitate detection of cooperative effects. Simultaneous expression of both TLS and PGC-1a resulted in cooperative induction of mRNA and protein expression of all the oxidative stress genes studied both at normal glucose (5 mM) and at high glucose (25 mM) to increase mitochondrial ROS production (Fig. 4A, B) . For MnSOD, catalase, Prx5, and TR2, high glucose induced a higher level of cooperativity, but did not fundamentally alter the induction of Trx2 and UCP-2 and 
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reduced the induction of Prx3 mRNA. The cooperative effect of coexpressing TLS and PGC-1a was also seen in a greater reduction of ROS production than in cells expressing either protein alone (Fig. 4C) . These results support the hypothesis that TLS and PGC-1a regulate cooperatively the cellular ROS protection systems.
TLS and PGC-1a are mutually required for the regulation of oxidative stress gene expression
We next tested whether TLS is necessary for the regulation of oxidative stress genes by PGC-1a. We infected immortalized TLS + / + and TLS -/ -MEFs with Ad-P or control Ad and monitored the induction of oxidative stress gene mRNA and protein expression. In TLS + / + MEFs, PGC-1a overexpression induced slight but statistically significant increases in the mRNA expression of all the target genes studied (Fig. 5A, left  panel) . This was accompanied by marked increases in the protein expression of catalase and Trx2 and milder increases in UCP-2, MnSOD, and Prx3 (Fig. 5B, left panel) . Prx5 and TR2 expression was not altered (results not shown). In TLS -/ -MEFs, PGC-1a capacity to induce ROS protection genes was drastically reduced. At the mRNA level, only MnSOD induction could be detected. The results were confirmed by WB (Fig. 5A, B, left panels) . PGC-1a overexpression was similarly unable to reduce ROS levels in TLS -/ -MEFs (Fig. 5C ), further confirming that PGC-1a cannot compensate for TLS deficiency.
To determine whether TLS-mediated induction of oxidative protection genes was reciprocally dependent on PGC-1a, we tested the effect of TLS silencing in primary hepatocytes isolated from PGC-1a + / + and PGC-1a -/ -mice. PGC-1a
-/ -cells have lower expression of several oxidative stress protection genes and increased ROS levels (37, 51) . Adenovirally expressed TLS-specific shRNA (shTLS) reduced mRNA and protein expression of oxidative protection genes in PGC-1a
hepatocytes. This ability was either severely reduced or completely abolished in PGC-1a -/ -hepatocytes for all genes studied (Fig. 5A, B, right panels) . Analysis of ROS levels showed that although TLS knockdown increased ROS in PGC1a + / + hepatocytes, it had only a marginal effect in PGC-1a
-/ -hepatocytes ( Fig. 5D) , further supporting the notion that TLS activity is dependent on PGC-1a. ChIP analysis showed that the association of TLS with the promoter regions of Prx3 and Prx5 was drastically reduced in PGC-1a -/ -hepatocytes. This result suggests that association of TLS to these promoters is mediated by the interaction of TLS with PGC-1a (Fig. 5E ).
TLS transcriptional activity is dependent on PGC-1a
Apart from the oxidative stress response genes analyzed here, the only validated transcriptional target of TLS is cyclin and Ad-shControl cells were assigned the value of 100%. Data are means -SD. *p £ 0.05. D1 (56) whose expression is downregulated by TLS. To test whether the dependence of TLS activity on PGC-1a is restricted to oxidative stress genes or is a more general effect, we carried out whole-genome expression analysis on primary PGC-1a + / + and PGC-1a -/ -hepatocytes infected with shTLS or control Ad. The screen identified 2578 genes differentially expressed in shTLS PGC-1a + / + hepatocytes but only 1157 in the PGC-1a -/ -hepatocytes, 955 of which are common to both sets. Out of the 1050 genes downregulated by shTLS in PGC-1a + / + hepatocytes, only 253 were also downregulated in PGC-1a -/ -hepatocytes (24%), whereas of the 1518 genes upreguladed by shTLS in PGC-1a + / + hepatocytes, 816 (46%) were also upreguladed in shTLS in PGC-1a -/ -hepatocytes (Fig. 6A) . Additionally, while of all the genes differentially expressed only in PGC-1a + / + hepatocytes, about half of them (49%, 807/1623) were downregulated following TLS knockdown and the other half upregulated; the percentage of genes downregulated in both PGC-1a + / + and PGC-1a
hepatocyes is significantly smaller (26%, 253/955) ( p < 0.001 w 2 -test).
These data suggest that TLS activity is significantly reduced in the PGC-1a -/ -hepatocytes and also that the dependency of TLS on PGC-1a is more important for genes that are positively regulated by TLS. However, TLS seems to have some PGC-1a-independent transcriptional activities and TLS regulation of a small group of genes actually seems to require PGC-1a inactivation (Fig. 6A) .
Supporting this conclusion, scatter plot analysis showed that, on average, if we consider the genes regulated by shTLS only in PGC-1a + / + hepatocytes (1623), the fold change in expression induced by shTLS in PGC-1a + / + hepatocytes is two times bigger than in PGC-1a -/ -hepatocytes (R 2 = 0.86 and Fig. 6B, blue dots) . Similarly, if we consider the genes regulated by shTLS only in PGC-1a -/ -hepatocytes (201), for those genes the fold change in expression induced by shTLS in PGC-1a -/ -hepatocytes is two times bigger than in PGC1a + / + hepatocytes, although the dispersion is larger (R 2 = 0.78 and Fig. 6B, violet dots) . Finally, genes that were differentially regulated by shTLS in both PGC-1a + / + and PGC-1a -/ -hepatocytes (955) had on average the same change in expression 
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in response to TLS knock down in PGC-1a + / + and PGC1a -/ -hepatocytes (R 2 = 0.96 and Fig. 6B , black dots). To identify relevant functions regulated by TLS and their dependency on PGC-1a, we carried out gene functional analysis of TLS-regulated genes using the Ingenuity software. The analysis showed that TLS regulates the same functional groups in PGC-1a + / + and PGC-1a -/ -hepatocytes, further supporting the idea that TLS has essentially the same but reduced activities in the absence of PGC-1a. The analysis showed that TLS (like PGC-1a) regulates an important number of genes involved in the control of cellular metabolism. This result supports the notion of a strong functional association of TLS and + / + and PGC1a -/ -hepatocytes. The CDS of b-actin was used as a negative enrichment control. Data are means -SD. *p < 0.05.
FIG. 6.
Genome-wide analysis of TLS gene expression activity and its dependence on PGC-1a. Whole-genome expression arrays were used to evaluate the gene expression changes induced in PGC-1a + / + and PGC-1a -/ -hepatocytes by infection with Ad-shTLS or control Ad. (A) The diagrams illustrates the total number of genes differentially down-or upregulated by shTLS in PGC-1a + / + hepatocytes, PGC-1a -/ -hepatocytes, or in both. (B) Scatter plot of genes differentially expressed by shTLS: genes shown in blue are genes whose X-fold up-or downregulation in PGC-1a + / + hepatocytes is reduced in PGC-1a -/ -hepatocytes; genes shown in black are similarly regulated in PGC-1a + / + and PGC-1a -/ -hepatocytes, and violet indicates genes more strongly regulated in PGC-1a -/ -hepatocytes. (C) IngenuityÔ functional distribution of genes differentially regulated in response to shTLS in PGC-1a + / + and PGC-1a -/ -hepatocytes. (D) List of the 20 top genes down-and upregulated by shTLS in PGC-1a + / + hepatocytes. The fold change in PGC-1a + / + and PGC-1a -/ -hepatocytes, and the corrected p-values are indicated. Genes that showed over a two-fold difference in the response to TLS small hairpin RNA (shRNA) in PGC-1a + / + /PGC-1a -/ -hepatocytes are shown in green.
PGC-1a regulatory networks. The other major function associated with TLS knockdown is cancer and cell cycle control, in line with the previous identification of TLS as a proto-oncogene and a promoter of cell cycle arrest in response to DNA damage (Fig. 6C) . Figure 6D lists the top 20 genes down-and upregulated in response to TLS knockdown and their fold change in PGC-1a + / + and PGC-1a -/ -hepatocytes. Since the absence of PGC-1a decreased TLS activity without any overt effect on TLS expression, we examined whether PGC-1a influences TLS cellular distribution. Due to its involvement in mRNA transport, TLS normally shuttles between the nucleus and the cytosol (16) . Immunofluorescence analysis in PGC-1a + / + hepatocytes confirmed localization of TLS in both the cytosol and the nuclei. The nuclear/cytosol ratio was quite variable between cells within each hepatocyte preparation. Within nuclei, as already described (3, 33) , TLS was concentrated in nuclear foci. Nuclear foci might be sites of active transcription or mRNA processing and are a classical feature of factors involved in splicing (58) . In PGC-1a
hepatocytes, TLS showed a distribution similar to that found in PGC-1a + / + hepatocytes cells (Fig. 7) . Suggesting that impaired TLS activity in PGC-1a
-/ -hepatocytes cannot be attributed to overt changes in TLS subcellular localization.
Discussion
TLS is a transcriptional coactivator
TLS is best known as a proto-oncogene, but its normal cellular function is still very poorly characterized. Accumulated data indicate that wild-type TLS plays an important role as a genotoxic sensor in the control of cell-cycle arrest. Understanding the mechanisms of TLS transcriptional activity is made complicated by the protein's multifunctional nature. TLS has been shown to modulate transcriptional initiation, RNA processing, and RNA localization. Moreover, the transcriptional activity of TLS has recently been shown to be modulated by scRNAs bound to its RRM (56) . Our results show that TLS is a functional partner of the well-characterized transcriptional cofactor PGC-1a, which is involved in metabolic control, and that TLS transcriptional activity is heavily dependent on PGC-1a. TLS interacts directly with PGC-1a and increases PGC-1a transcriptional activity. These two factors cooperate in the regulation of the expression of oxidative stress protection genes, with each dependent on the other for this regulation.
TLS is a genotoxic sensor that regulates the expression of oxidative stress protection genes Increased mitochondrial activity results in increased production of ROS that can be harmful to cells. Therefore, induction of antioxidant systems in situations where boxidation is activated is crucial. We previously showed that PGC-1a coordinates the upregulation of mitochondrial function with increased levels of ROS detoxification enzymes (54), thereby preventing oxidative stress when b-oxidation is activated. PGC-1a mRNA expression is in fact induced by ROS via CREB (51) . Genotoxic DNA damage is associated with oxidative stress, and is its most deleterious effect. The finding that the DNA damage sensor TLS cooperates with PGC-1a in the induction of ROS protection genes suggests that PGC-1a might work as a sensor of oxidative stress-related damage, and provides a novel link between the genotoxic response and metabolic control.
Hepatocytes as a model system of oxidative stress response
We carried out this study using hepatocytes as a model system, since liver is a particularly relevant organ when we consider ROS-related pathogenesis since liver plays a central role in metabolic control and its drug-detoxification activities make it a strong producer of ROS. Mitochondrial and ROS related liver dysfunctions are well characterized, and they range from alcohol-induced liver injury to carcinogenesis (40, 57) TLS activity heavily relies on PGC-1a
The idea that the genotoxic stress response is linked to general metabolic control is supported by the microarray analysis, which shows that TLS activity modulates both metabolic and cell-control genes, and that TLS regulatory activities are reduced in the absence of PGC-1a. A recent report showed that the DNA damage response protein ATM induces mitochondrial biogenesis, and the authors propose that this induction could be mediated by activation of AMPK (15) . Interestingly, ATM has been shown to activate TLS (17) , and AMPK is known to activate PGC-1a (25) .
FIG. 7. TLS subcellular localization in PGC-1a
1/1 and PGC-1a -/ -hepatocytes. TLS subcellular localization was analyzed by immunofluorescence with specific antibodies.
Oxidative stress and DNA damage responses are regulated by the cellular metabolic status Findings in organisms ranging from yeast to mammals indicate that poor DNA damage responses and increased oxidative stress are prevalent in situations where b-oxidation is significantly reduced (12, 47) . For example, in Saccharomyces cerevisiae (2), Schizosaccharomyces pombe (60), and Caenorhabditis elegans (38), starvation triggers both b-oxidation and resistance to DNA damage; in mammals, caloric restriction increases the activity of proteins like SirT1 that are known to increase genome stability (18) . However, the molecular circuits that link these two functions have remained obscure. Our results are thus the first to identify the interaction and functional dependence of two factors that are key modulators of these regulatory networks.
Other important transcription factors implicated in the regulation of DNA damage and metabolic responses include p53 (32, 45) and the sirtuins (particularly SirT1) (14) , both of which are activated by oxidative stress (31, 42) and have been linked to oxidative stress protection (23, 26) . Both PGC-1a and TLS share functions with p53 and sirtuins. For example, both SirT1 and p53 are, like TLS, recruited to sites of DNA damage (1, 36) . Direct p53-TLS interaction has not been reported, but p53 overexpresion has been identified as a predictor of poor prognosis in myxoid liposarcoma characterized by the presence of the TLS-C/EBP homologous protein oncogenic fusion, suggesting a possible functional connection (4). SirT1 interacts with and deacetylates PGC-1a, regulating its activity (35) . Further, p53 knockout mice have reduced numbers of mitochondria and lowered PGC-1a expression, suggesting a positive role for p53 in the regulation of PGC-1a activity or expression (46) .
The newly found link between TLS and PGC-1a is therefore an important new contribution to the notion that a variety of stress and metabolic signals converge to activate cell survival or apoptosis. To what extent these responses are activated and what determines the choice between survival and apoptosis are currently intense areas of research.
Materials and Methods
Cell culture
Wild-type (TLS + / + ) and TLS -/ -MEFs were kindly donated by Dr David Ron (NYU, USA). TLS + / + and TLS -/ -MEFs were maintained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (FBS) and antibiotics. Primary hepatocytes were isolated and cultured as previously described (6, 44) . Briefly, the liver of anesthetized mice was first perfused with perfusion buffer (150 mM NaCl, 5.5 mM KCl, 10 mM HEPES pH 7.5, 25 mM NaHCO 3 , and 0.5 mM EGTA) and then with 0.05% collagenase for 10 min. Dispersed cells were seeded onto collagen-coated plates (0.2% gelatin, 1% collagen) and cultured in Williams E Medium (Gibco) supplemented with 10% FBS, 2 mM L-glutamine, 100 nM dexamethasone, 100 nM insulin, and antibiotics. Fresh medium was added 4 h after plating. C57BL6 PGC-1a -/ -mice were originally provided by Dr. Bruce Spiegelman (DFCI) and following embryonic transfer a colony was established within the SPF area of the CNIC animal facility. Female C57BL6 PGC-1a
and PGC-1a
-/ -of 8-10 weeks of age were used. The animal experimental protocols were approved by the Institutional Animal Care and Use Committee of the CNIC. All procedures conformed to the Declaration of Helsinki and the NIH guidelines for animal care and use (NIH publication No. 85-23). The rat hepatoma cell line FAO was grown in RPMI medium supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics. 293T cells were maintained in Dulbecco's modified Eagle's medium with 10% FBS and antibiotics.
Yeast two-hybrid screen
A yeast two-hybrid screen was carried out with the Matchmaker Two-Hybrid System (Clontech). The PGC-1a CTD (aa 561-797) was cloned in the EcoR1-BamHI sites of pGBKT7 and used as bait to screen human cDNAs fused to the Gal4 transcriptional activation domain in the GADT7 vector. Thirty-two positive colonies were selected, confirmed, and sequenced. Three clones were found to correspond to the TLS gene.
Adenoviral infections
FAO cells, MEF, and hepatocytes were infected overnight with adenoviral vectors at a moi of 1-50. Viruses were washed off and cells were harvested 24 or 48 h postinfection.
mRNA and protein were analyzed by quantitative PCR of retro transcribed cDNA (qRT-PCR) and WB. The primers and antibodies used were as described (9, 37, 54) . Polyclonal a-TLS antibody for WB was from Novus Biologicals. TLS-specific primers for qRT-PCR were forward 5¢-CCGATACCT GTCGTCTTGGTC-3¢ and reverse 5¢-CCTCCACCACCGC CACCTCCT-3¢.
Immunoprecipitation and ChIP
Preparation of whole-cell extracts and immunoprecipitation (IP) were carried out as described (34) . Experimental conditions for ChIP were as previously described (54) . TLS was immunoprecipitated with a monoclonal a-TLS antibody (BD Biosciences). Coprecipitated DNA was analyzed by qPCR using primer pairs listed in the Supplementary Data (Supplementary Table S1 ). Oligos designed against the coding sequence of b-actin were used as negative control.
Luciferase reporter assays
MEF and FAO were transfected with plasmids (Lipofectamine 2000Ô) for 8 h according to the manufacturer's instructions. Twenty-four hours post-transfection, luciferase activity was determined with the Dual-luciferase Ò Reporter Assay System (Promega).
GST-pull down assays
Recombinant GST fusion proteins were expressed from pGEX expression vectors in E. coli (strain Bl21-DE3) and were purified with glutathione agarose (Pharmacia Biotech). Target proteins were labeled with 35 S-methionine by in vitro transcription/translation using the TNT system (Promega). Labeled proteins were incubated for 1 h at RT with 1 lg GST fusion protein immobilized on 20 ll agarose beads in 200 ll of binding buffer (20 M Tris-HCl [pH 8.0], 10% glycerol, 5 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM EGTA, 2 mM DTT, 0.1%-0.4% NP-40, and 100 mM KCl). Beads were washed three times with 1 ml binding buffer. Bound proteins were analyzed by SDS-PAGE and autoradiography.
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Reactive oxygen species
Cells were labeled with CM-H 2 DCFDA. ROS levels were determined by flow cytometry as described (54) .
Caspase-3 activity
Fluorimetric quantification of caspase-3 activity was as previously described (54) .
Statistics
Data are expressed as means -SD. Statistical significance was evaluated by analysis of variance or a nonparametric test, as appropriate. Values were considered statistically significant at p < 0.05. n ‡ 3 in all experiments.
